The main types of analytical procedures used in thermal-lens spectroscopy and microscopy, which are based on photometric reactions in (i) aqueous solutions, (ii) organo-aqueous mixtures, (iii) polymer-containing (nonionic surfactants or polyethylene glycol) aqueous solutions, (iv) water-organic extraction systems, and (v) two-phase aqueous extraction systems, were compared from the viewpoint of both reproducibility and sensitivity. This comparison was made by examples of the determination of cobalt and iron for batch conditions, flow determination, and detection in HPLC, flow-injection analysis (FIA), and μFIA. It was revealed that for all five types, the real analytical efficiency (a decrease in the limit of detection (LOD) as compared to spectrophotometry) is primarily determined by the reaction conditions, provided that excitation of the thermal lens is the same. Aqueous solutions provide more efficient optimization of reaction conditions than do those in organo-aqueous solutions and solvent-extraction water-organic mixtures. The best results are achieved when shifting to polymer-containing aqueous solutions and two-phase aqueous extraction systems, which decreases in the LODs by a factor of 20 -100%.
Introduction
Photothermal-lens or thermal-lens spectrometry (TLS) is a versatile technique of molecular spectroscopy. 1, 2 Its high sensitivity is achieved not only through instrumentation, but also because of the reaction conditions at trace levels. 3 The locality and high spatial resolution of TLS have led to wide-scale applications of thermal-lens microscopy (TLM) as a state-of-the-art method. [4] [5] [6] [7] TLM perfectly fits micro-totalanalytical systems (μTAS) (reactions and separations occurring at high rates in nanoscale volumes). 4, [8] [9] [10] To exploit the full potential of TLM-μTAS, tuning the reaction conditions of integrated chemistry on the microscale is even more crucial. [11] [12] [13] Thus, understanding the principles of procedure selection for photothermal measurements seems to be a very important step for success.
Previously, we showed that the sensitivity of TLS and TLM is dictated by the same optimization features, and the concentration limits of detection (LODs) are the same. 14 Moreover, simultaneous consideration of the accuracy of TLS and reaction conditions at the nanoscale level also enhances the selectivity. 15 However, the dependence of the TLS sensitivity on the thermophysical properties of the solution poses a problem: What is more important, an increase in the strength of the photothermal effect (photothermal sensitivity) or an increase in the analytical sensitivity due solvent selection as a chemical component? From the viewpoint of photothermal sensitivity, the best are nonpolar organic solvents, 2, 16, 17 which can be used in extraction procedures and preconcentration. However, they are flammable, toxic, etc. and cannot be used with water-soluble reagents or in biological systems. On the contrary, the most flexible procedures use aqueous solutions. However, they exhibit much lower photothermal sensitivity and cannot fit well when preconcentration is required. A compromise is organo-aqueous solutions combining the thermophysical properties of organic media and sample preparation in aqueous solutions. 18, 19 Still, the nature of organic components cannot be easily varied in a single reaction.
Recently, aqueous solutions modified with surfactants or, more importantly, water-soluble polymers (first of all, polyethylene glycols, PEG) have been introduced as green analytical solvents. Their chemistry has been studied in detail, 18, 20, 21 and they are commercially available, inexpensive, and can be used both as single-phase or extraction two-phase systems. High photothermal sensitivity in these solutions [21] [22] [23] poses them as an alternative to organic solvents for increasing TLS sensitivity in aqueous media.
Therefore, we compared the performance parameters of various analytical procedure types in TLS/TLM for new and previously reported procedures. We have chosen Co and Fe determination because (i) the photometric methods for these metals are both sensitive and reliable; 24 (ii) they are based on the same reaction type, chelation; (iii) these methods cover all of the selected procedure types; and (iv) optimized TLS/TLM procedures have low practical LODs under batch and flow conditions. 3, 4, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] A total of 39 procedures (16 for Fe and 23 for Co) were considered.
Procedure Comparison Criteria
The instrumentation parameters and the main equations of thermal lens theory are given in Supporting Information. The theoretical increase in the calibration slope for TLS was calculated as the ratio of the expected sensitivities of TLS and spectrophotometry,
where εphot and εTL denote the molar absorptivities at the wavelengths used for spectrophotometry and TLS, respectively; Pe is the excitation power and E0 is the thermo-optical constant of the solvent (see Supporting Information). The corresponding experimental enhancement factor, Eexp, was calculated as the ratio of the calibration slopes (sensitivity coefficients), bTL and bphot, for the TLS and spectrophotometric procedures:
LODs obtained for different conditions (excitation power, Pe) and for different substances (various εTL values) were normalized for the same conditions Pe = 100 mW and εTL = 10 4 L/(mol cm), .
LOD
The increase in the sensitivity for a given procedure was calculated as an LOD ratio, LR, of the spectrophotometric, LODphot, and normalized LOD for TLS (3),
The reproducibility and repeatability of measurements were estimating by relative standard deviation (RSD) values calculated according to Ref. 37 . The increases in the slope (2) and in the LODs (4) were compared to one another by introducing the total sensitivity enhancement when shifting from spectrophotometry to thermal lensing (SE factor),
Procedure Development
As organic media with very high photothermal enhancement factors, E0, 1,2 we selected toluene, chloroform, and m-xylene. As surfactants, Brij-family reagents and Triton X-100 were selected according to previous data. 18 PEGs were selected as representatives of water-soluble polymers; molecular weights of 1500, 2000, and 6000 Da provide a threefold enhancement in E0, as compared to aqueous solutions. 38 The absorption-band parameters for all of the reaction products do not change when shifting from aqueous to organic or organic to aqueous solutions with PEGs or surfactants (0.01 -30% w/v, Table S-3, Supporting Information). The molar absorptivity of water-insoluble Co(III) tris(2-nitroso-1-naphtholate) is much higher in its PEG-or surfactant-containing solutions than its alkaline aqueous solutions (4 × 10 3 L/(mol cm)) due to micellar solubilization of the chelate in these solutions. 9 The following procedures were described previously: Co with diethyldithiocarbaminate; 39 Co and Fe with 4-(2-pyridylazo)resorcinol (PAR), 40 4-(2-thiazolylazo)resorcinol (TAR) and Xylenol Orange, 41 and dithizone; 42 Co with 2-nitroso-5-dimethylaminophenol, 29 2-nitroso-5-(N-propyl-3-sulfopropylamino)phenol (Nitroso-PSAP), 43 chiral Co complex with triethylenediamine; 31 and Fe with 1,10-phenanthroline, 32 bathophenanthroline, 44 and bathophenanthroline disulfonic acid. 45 Below, we briefly describe newly developed procedures.
Fe(III) with nitroso-R-salt in water
This system is used as a high-strength eluent for microchromatography of strongly retained anions. 46 The procedure (Procedure 1, Supporting Information) is simple, 47 and does not require optimization. The LOD is 10 nM, which is comparable to other photothermal methods for Fe, but with a very long linear range of 5 orders of magnitude. Thus, a low LOD is achieved for a relatively low εTL of 750 L/(mol cm) (Table S-3, Supporting Information).
Co and Fe in surfactant-and PEG-containing aqueous solutions
The procedures for the determination of Fe(II) with 1,10-phenanthroline and Co with 2-nitroso-1-naphthol and nitroso-R-salt 25, 34 were optimized (Procedures 2 and 4 -6, Supporting Information) so as to exclude the Soret effect, 18 the measurement time was decreased to 0.1 s. The optimum pH for reactions of Co with nitroso-naphthols and nitroso-R-salt [48] [49] [50] [51] in Triton X-100, Brij-30, and Brij-56 and PEG solutions was 7.0 (phosphate buffer solutions), and the reagent-to-metal ratio was 1:30. The spectrophotometric LOD for Co is threefold lower than in aqueous solutions, and closer to the extraction-spectrophotometric determination of Co ( Table 1) . The concentrations of all the surfactants were 0.08 M, which provided well-resolved TLS transient curves, which are in good agreement with the previous data; 52 the nature of a surfactant does not affect the procedure.
For PEG-modified aqueous solutions, no changes in spectrophotometric determination as compared to surfactant solutions were found ( Table 1 ). The determination of Co (Procedure 4, Supporting Information) and Fe (Procedure 5, Supporting Information) show LODs of 2 and 4 nM, respectively. In the case of Fe as hemoglobin cyanide, we used a specially designed reagent mixture and added PEG at the end of the procedure (Procedure 7, Supporting Information). A good correlation of the LOD ratio for Fe as tris(1,10-phenanthrolinate) and hemoglobin cyanide with the ratio of their εTL confirms that PEGs do not affect the protein molecule.
Extraction-photothermal determination of Co(III) with [2,2′]-furildioxime in organic solvents
The reagent-to-metal ratio is 1:25. The main factor limiting the photothermal LOD is a high blank signal governed by the excess reagent. We developed a procedure since the Co chelate is extracted to polar organic solvents, while the reagent remains in water (Procedure 3, Supporting Information). The reagent concentration was 2.5 μM, which provided Co determination 
Extraction-photothermal determination of Co with nitroso-R-salt using two-phase aqueous PEG systems
We used the reaction of Co(III) with nitroso-R-salt, 53 with taking advantage of PEG use in spectrophotometry. 54 We added 1 M NH4F as an Fe-masking reagent to all of the solutions after heating with nitric acid (to decompose the chelates of interfering metals 54 ) so as to decrease the blank signal. Also, the nitroso-R-salt concentration was decreased by a factor of 20 as compared to the procedure 53 (to 0.4 mM, Procedure 8, Supporting Information). According to the existing data, 54 the amounts of (NH4)2SO4 and PEG in the upper phase are 25.2 and 5.2%, respectively. The calculation of E0 of PEG extracts from Procedure 5 (Supporting Information) showed no difference compared to the values for manually prepared solutions with the same concentration of PEGs and the existing data. 18 The calculations of E0 for (NH4)2SO4 and PEG 23 compared to pure water of 1.3 and 1.8, respectively (the total enhancement of 1.3 × 1.8 = 2.34), correlate with the experimental value of 2.5. Thus, the increase in the photothermal sensitivity due to solvent properties is high, but not dominating.
Comparison of Procedures

Comparison parameters
A direct LOD comparison was hardly possible. A more correct approach is based on photothermal-to-spectrophotometric LOD ratios, but it does not always reveal a true picture because the excitation conditions (power or power density) and the molar absorptivity may differ significantly. Therefore, we introduced the normalized photothermal LOD, Eq. (3): this is the LOD for a given procedure if the excitation power and εTL were 100 mW and 10000 L/(mol cm), respectively. These values were selected as being the most common for TLS, and the real values of these parameters are not too far (40 -300 mW and 4000 -20000 L/(mol cm), see Table S-3, Supporting  Information, and Table 1 ). Such scaling is correct in principle, since Beer's law is obeyed in TLS/TLM, 2,15 and the TLS LODs are inversely proportional to the excitation power, as the theory predicts.
2 Therefore, the photothermal and spectrophotometric LODs are also compared for the scaled and equal power of 100 mW, Eq. (4).
Further, we calculated the theoretical enhancement factors Etheor, Eq. (1), for all of the selected procedures and compared them with the actual experimental enhancement, Eq. (2): a deviation of their ratio from 1 would indicate some complication in photothermal determination.
Finally, because the sensitivity coefficient (calibration slope) and LOD are governed by different factors, mainly the sensitivity and reproducibility, 14, 15, 55, 56 we compared the photothermal procedures by the minimum value of the reproducibility RSD and by the SE ratio, Eq. (5), which highlights changes in the reproducibility.
Reproducibility
A comparison of the reproducibility shows that all of the procedures are well-developed, and are characterized by the same RSD level, which is close to the expected instrumental error in TLS/TLM.
14 This confirms that the reproducibility can be increased when adapting a spectrophotometric procedure to TLS due to a change in the error curve from transmittance to photothermal measurements.
Sensitivity coefficients
As expected, the experimental enhancement in the sensitivity coefficient over its value for spectrophotometry correlates well with the theory, giving a ratio of the experimental and theoretical factors close to 1. We believe that slightly lower ratios for TLM flow-extraction procedures (the values of 0.8 -0.9) result from more complicated flow conditions in a microchip, which degrades Eexp and cannot be simply accounted for by Eq. (1). This problem is discussed elsewhere. 5, 56 Figure 1(a) shows that aqueous solutions exhibit the lowest increase, about 50-fold, and that the increase in modified aqueous solutions and two-phase aqueous systems are about an order higher. Organo-aqueous mixtures indicate a 300-fold enhancement in the sensitivity coefficient for TLS, as compared to spectrophotometry. Extraction-photothermal measurements show a mean 1500-fold increase. Thus, as expected, the calibration slope in TLS is governed by the solvent thermophysical properties.
Normalized limits of detection
The first noteworthy point is that normalized LODs, Eq. (3), are at the same level for aqueous, organo-aqueous, and organo-aqueous extraction systems: the average normalized LOD of the latter is only 20% lower than that of the former. This shows that an actual increase in the sensitivity of extraction procedures results from high εTL and high excitation powers in these studies, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] and not from the solvent properties. On the contrary, the normalized LODs for organo-aqueous mixtures exhibit the same LOD decrease as do the extraction procedures, but with much less changes in methodology compared to aqueous solutions. The normalized LODs of modified aqueous solutions and PEG extraction indicate the same sensitivity when compared to other procedures based on aqueous solutions. In fact, their normalized LODs are even lower than those for organo-aqueous and extraction systems, but these new procedures are very simple.
LR factors
In contrast to sensitivity coefficients, a quite different picture is presented by the spectrophotometric-to-photothermal LOD ratio, LR (Fig. 1b) . While the LOD decrease in aqueous solutions is still the lowest, the LODs for the procedures based on organo-aqueous mixtures and water-organic extraction systems show the same level despite much higher sensitivity coefficients. For example, an average decrease in LODs for the extraction procedures is only 40%. On the contrary, the procedures using modified aqueous solutions exhibit a 400-fold decrease in the LOD as compared to spectrophotometric procedures, and a more than twofold increase in this sensitivity parameter as compared to the procedures based on aqueous solutions.
SE factors
The same trend is even more pronounced in comparing the SE factor (Fig. 1c) . As mentioned above, this is a ratio of the enhancement in the LOD to that in the sensitivity coefficient, which represents the reproducibility enhancement. However, while RSDmin indicates the precision for the best measurement conditions (the minimum instrumental error), the LOD-based SE factor indicates the reproducibility at the lowest concentrations, the procedure is developed for. Thus, if SE is higher than 1, it implies that TLS has the full advantage over spectrophotometry, providing precise measurements of low concentrations (Fig. 2) ; if SE is lower than 1, it implies that the reproducibility of measurements at low concentrations is strongly degraded and the sensitivity enhancement originating from the thermophysical properties of the solution is somewhat wasted.
The SE factor is less than 1 for procedures based on organo-aqueous solutions and water-organic extraction and above 1, otherwise. This implies that in aqueous solutions, the changes in the RSD are smaller as compared to those expected from the theory (Fig. 2) . The general shape of the curves for TLS is sharper than that for spectrophotometry, which accounts for a bigger increase in the LOD as compared to that in the sensitivity coefficient. This is confirmed by comparing the error curves for presynthesized ferroin and for the photometric reaction of Fe(II) with 1,10-phenanthroline including the sample preparation (Fig. 3a) . The sample preparation stage certainly degrades the reproducibility (curve 2 shows higher RSDs for the same iron concentrations); however, the major RSD degradation occurs in the LOD vicinity only. This means that for real TLS procedures, the linear calibration range is long.
On the contrary, changes from the procedures for presynthesized solutions to the real procedures for water-organic extraction systems show a different picture in the error (RSD) curves (Fig. 3b) : firstly, RSD degrades very significantly, compared to that for aqueous solutions (Fig. 3a) ; secondly, the shape of the curve for the procedure with sample preparation shows much more similarity to transmittance measurements (see Fig. 2 ). These two factors result in the observed behavior of SE (Fig. 1c) for these extraction systems: the LOD is much higher than that expected from the sensitivity coefficient, and the calibration range is shortened. Organo-aqueous mixtures are something in between aqueous solutions and organic systems, which results in mutual cancellation of good and bad effects, and SE is close to 1, i.e., the LOD can be predicted from sensitivity coefficients.
Thus, comparison of all the factors affecting the sensitivity and reproducibility shows that the LOD of a real procedure in TLS is mainly determined by the reproducibility of photothermal measurements (Fig. 3) , which is in turn determined by the thermophysical properties of the solvent and the possible formation of heterogeneity during sample preparation. From this viewpoint, surfactant-and polymer-modified aqueous solutions seem to be promising, since they provide error curves more similar to aqueous solutions as compared to organo-aqueous and organic solvents, and are less affected by the procedure development than these two systems. Table 1 shows that despite a very different approach to the procedure development in TLM and TLS, all of the parameters (normalized LODs, experimental photothermal enhancement factors, and RL and SE factors) are the same, provided the same procedure type is considered. This is also confirmed for the same reactions in TLS and TLM; the difference is governed by the excitation conditions alone, not by the method. These findings were confirmed by a comparison of the same solutions for the spectrometers used (Table S- Table 1 shows that despite the complications caused by the flow, the procedure parameters within the same group are mainly the same, which is especially interesting for extractionphotothermal procedures.
TLS and TLM
Conclusions
As a whole, the sensitivity of TLS in surfactant and especially PEG solutions is comparable to that in organo-aqueous systems.
The comparison of extraction systems shows that PEG-based extraction provides much better analytical parameters as compared to solvent extraction due to much better reproducibility of measurements at low concentrations and simpler sample preparation, despite a lower increase in the sensitivity coefficient.
In addition, the time for the adaptation of a procedure to TLS is much shorter due to much lower blank signals and quicker emulsion layering. The time for batch analysis is half that of solvent-extraction systems.
Very low LODs in solvent-extraction systems are advantageous when dealing with low concentrations and low sample volumes such as in the case of limited amounts of natural or high-purity samples. In addition, they should be used when preconcentration cannot be performed in a simple manner. Their use under batch conditions seems to be disadvantageous, but their implementation in microfluidic applications is a very worthy choice. Still, the very topical problem is high blank signals, which cannot be overcome easily.
PEGs in single-phase and extraction systems are rather complementary than competitive systems, and can be changed to one another if practice demands. Thus, their use in TLS is very promising, because they combine the advantages of extraction preconcentration, have the convenience of aqueous solutions, and are free of the drawbacks of organic solutions. It seems promising to implement the developed PEG-based procedures in a flow system so as to fully estimate their potential in μTAS, which would benefit from shorter and simpler sample preparation. Fig. 3 Dependences of the reproducibility relative standard deviation of TLS on the metal concentration for (a) Fe(II) with 1,10-phenanthroline in aqueous solutions and (b) Co(III) with 2-nitroso-1-naphthol in chloroform; curves 1 are for solutions of pre-synthesized chelates, and curves 2 indicate the results of measurements of photometric reactions occurring during sample preparation. λe = 514.5 nm, P = 300 mW.
